Introduction
Half of all insects interact with plants (GRIMALDI and ENGEL 2005) . Most phytophageous insects, however, use only a few plant genera for food, mating, and oviposition (BERNAYS and CHAPMAN 1994) . Changes in host use can result in both new species and new adaptations (EHRLICH and RAVEN 1964; JANZ 2011) . For example, the evolution of a new host specialization may have contributed to the formation of new species in pea aphids (Acyrthosiphon) among others (VIA 2001; MATSUBAYASHI et al. 2010 ). Adapting to a new host can drive genetic and phenotypic change that is critical for isolating nascent species. In some cases specialization has a price: increased performance on the new host correlates with reduced performance on other hosts (FUTUYMA and MORENO 1988; JAENIKE 1990; FRY et al. 1996; SCHEIRS et al. 2005; VIA and HAWTHORNE 2005) . This scenario poses a new challenge for the nascent specialist, as it must keep together alleles for finding and selecting the appropriate host ("preference") along with those for utilizing that host ("performance"; e.g. physiologically adapting to that host's secondary compounds or nutritional content ; JAENIKE 1990; JANZ 2011) .
Theory suggests that a genetic correlation between the preference and performance alleles, such as caused by pleiotropy or genetic linkage, can overcome this problem and facilitate the switch to a new host (LANDE 1979; JAENIKE 1990; FRY et al. 1996; JANZ 2011 ).
Until recently, evidence for this "genetic linkage" hypothesis in phytophagous insects has been mixed. Early genetic data in Drosophila by JAENIKE suggested that oviposition preference and "settling" behavior are unlinked in D. tripunctata JAENIKE 1987; JAENIKE 1989) , while TAYLOR AND CHONDRA (1983) found linkage between preference and performance in D. pseudoobscura. No linkage was found in other herbivorous species', such as Callosobruchus maculatus (southern cowpea weevil; (WASSERMAN AND FUTUYMA 1981) , Colias philodice (butterfly; TABASHNIK 1986), Papilionidae (swallowtail butterflies; THOMPSON 1988; THOMPSON et al. 1990 ), Chrysomelidae (leaf-feeding beetles; KEESE 1996), Nilaparvata lugens (brown planthopper; SEZER and BUTLIN 1998a; SEZER and BUTLIN 1998b) , and Oreina elongata (leaf beetle; BALLABENI AND RAHIER 2000) . However, more recent QTL mapping data for aphids (HAWTHORNE and VIA 2001; CAILLAUD and VIA 2012; SAUGE et al. 2012) , and other genetic association studies in Euphydryas editha (Edith's checkerspot butterfly; NG 1988; SINGER et al. 1988a) , Liriomyza sativae (leafminer fly; VIA 1986), Phyllotreta nemorum (flea beetle; NIELSEN 1996), and Papilio glaucus (eastern tiger swallowtail butterfly; BOSSART 2003) , suggest that some preference and performance alleles can be genetically linked.
A major concern with many of these genetic studies is their low resolution. QTL and marker-association studies produce candidate regions with large confidence intervals, increasing the chance that preference and performance alleles will overlap. Other studies simply infer genetic linkage due to the apparent heritability of host preference to wellperforming offspring (e.g. SINGER et al. 1988b ). Most finer resolution genetic studies of adaptive host specialization have focused on host preference or avoidance. Few studies have focused on the genetics of tolerance of a specific compound in the host plant because few species with obvious host adaptations have the requisite genetic tool kit needed to study these traits (except studies involving domesticated plants and agricultural pests, in whch selection pressures are often different than in natural populations).
In contrast, Drosophila sechellia's specialization on Morinda citrifolia has both an obvious adaptation and a genetic tool kit. D. sechellia is endemic to Seychelles (TSACAS and BACHLI 1981) , specializes on the fruit produced by M. citrifolia (LOUIS and DAVID 1986) , and is closely related to D. simulans, a well-studied human commensal and habitat generalist. M. citrifolia contains octanoic acid (OA; LEGAL et al. 1994) , which is a fatty acid that is toxic to D. simulans and other insects but tolerated by D. sechellia (RKHA et al. 1991) . OA typically comprises 58% of the volatile chemicals in a ripe M.
citrifolia (FARINE et al. 1996; PINO et al. 2010) , which makes it the main toxic component of the fruit. D. sechellia also prefers M. citrifolia over other fruit for consumption and oviposition (RKHA et al. 1991; LEGAL et al. 1992; MATSUO et al. 2007) .
As a result of this adaptation, D. sechellia has limited competition for access to M. citrifolia and may be protected from predation (JONES 2005) .
Prior work coarsely mapped several tolerance factors and identified some loci underlying the preference behavior (JONES 1998; JONES 2001; COLSON 2004; JONES 2004; MATSUO et al. 2007; EARLEY and JONES 2011) . As with other studies of host preference, the earlier work either did not assay tolerance or lacked the resolution needed to confidently test the genetic linkage hypothesis (e.g. MATSUO et al. 2007; EARLEY and JONES 2011) . Moreover, because a specific gene involved in OA tolerance was not identified, the specific mechanism of OA tolerance in D. sechellia remains unknown.
In this study, we ulta-fine map OA tolerance by genotyping independently derived recombinants using visible markers and a panel of molecular markers, along with a new phenotypic assay that provides reliable doses of OA vapor to flies without allowing them to directly contact the toxic chemical. We then measured the preference behavior of these recombinants in a test of the genetic linkage hypothesis. As preference and tolerance are not tightly linked, we reject the linkage hypothesis for this region. We hypothesize that the evolution of D. sechellia into an M. citrifolia specialist occurred through a step-wise, gradual gain of tolerance and loss of behavioral aversion to M. citrifolia's toxins.
MATERIALS and METHODS

D. simulans/D. sechellia introgression lines
Jones (1998) identified a region harboring resistance alleles on chromosome arm 3R between two visible markers. As this interval had the greatest effect on resistance, we dissected it further by generating a set of D. sechellia/D. simulans introgression lines. We used these fifteen original introgression lines (OILs; Figure 1 
Generation of two "gold standard" lines and large panel of recominant lines
The OILs were tested for OA tolerance (data not shown) and it was determined that OIL 10 flies could be used to generate high and low gold standard lines. These lines, called "High 10" and "Low 10", contain a D. sechellia introgression spanning the e locus, but exhibited different responses to OA exposure. We assayed many OIL 10 males and used three high and three low tolerance flies, respectively, to create High 10 and Low 10.
They were used to calibrate further tolerance assays.
Preliminary data indicated the OA tolerance locus was near e. We used OIL 8 to generate a huge population of individual recombinants in this region with unknown tolerance ( Figure 1B) . OIL 8 contains a large introgression spanning st, e, and osp loci.
Three highly tolerant OIL 8 males were backcrossed to D. simulans females to create the line "High 8." To generate individual recombinant flies (Figure 2 ), we crossed High 8 females to D. simulans males and collected male offspring with introgressions at st and osp but not e (OIL 6), only at e (OIL 10), at e and osp (OIL 9), and only at st (OIL 5).
These recombinants had a breakpoint between e and a neighboring marker (either st or osp). We gave each line an arbitrary number followed by a dash and the number of the OIL to which it was phenotypically identical (e.g. 197-6 is an OIL 6 line). Initially, we generated 36 new recombinant lines to validate the OA tolerance assay (called the 36 "unknown" lines; see Supplemental methods). Once it was clear that the assay was viable, we created another 700 recombinant lines and genotyped/phenotyped them as described below to finely map the OA tolerance locus.
Genotyping -CAPS
We genotyped recombinant lines using Cleaved Amplified Polymorphic Sequence (KONIECZNY and AUSUBEL 1993 (Figure 2 ). Overall, 700 unique recominant males were genotyped, using Acc65I, EcoRI, HindIII, HpyCH4IV, and SpeI.
Genomic DNA was extracted from males at each generation using a single fly purification method. Briefly, a single male fly was frozen at -80°C then homogenized with a pipette tip in a "squishing buffer" (10 mM Tris-HCL pH 8.2, 1 mM EDTA, 25 mM NaCl). To this mixture, 1ul 0.2 mg/ml of Proteinase K was added and incubated at 37°C for 20 min., then inactivated at 95°C for 2 min. The resulting DNA was PCR-ready. 
Octanoic Acid Tolerance Assay
Tolerance to OA in D. sechellia, D. simulans, and hybrid recombinants was assayed using a vapor delivery system (Figure 3) . A fish tank pump, regulated by a flow meter, pushed air through plastic tubing submerged in a tube of liquid OA at ~2.2 liters/minute, followed by a second tube of OA, and finally into a third tube with flies (additional details are provided in the Supplemental methods). To ensure full OA saturation, air was pumped for at least an hour before fly testing. The entire apparatus was in a fume hood with full light and ambient temperature (20-25°C).
Flies were collected four to seven days post-eclosion with light CO 2 anesthesia no fewer than four days pre-test. Between 10-60 flies were dumped in the test chamber and every two minutes the number of "knocked-down" (KD) flies were counted, up to a total of 30 minutes. Typically, OA exposure induces neuro-toxin-like symptoms in flies:
frantic whole-body movement, leg and wing twitching, and finally KD, where flies either invert their body or collapse while upright. When needed, we tapped the test chamber to distinguish tolerant flies at rest versus KD flies.
Data Analysis
Cumulative KD counts within a line were calculated as a proportion (#flies KD/#flies total) then logit transformed, and a linear model compared these values against log-transformed time of OA exposure (0-30 min. at 2 min. intervals). "Knock Down 50%" (KD50) was calculated as the time at which 50% of the flies in a given assay were knocked down (R library MASS; R DEVELOPMENT CORE TEAM 2012). To determine the influence of genotype, mutant phenotype, fly test chamber density, air flow rate, and sex on KD50 values, we constructed a linear model and performed an ANOVA. Significant differences in KD50 between lines and sexes were calculated using Welch's t-test. All data has been deposited in Dryad (http://doi.org/10.5061/dryad.rp6gt).
Morinda tolerance assay
Five recombinant lines were tested for tolerance to ripe Morinda ( 
Behavior Experiments
F1 back-crossed flies aged 2-10 days post-eclosion were subjected to a behavioral assay as in DWORKIN & JONES (2009; EARLEY and JONES 2011) . Briefly, flies of mixed sex were introduced without anesthesia into the assay chamber (2L glass beaker, Fisher). simulans markers (no introgression) were removed. F 2 flies were then pooled and tested in the same way as F 1 .
RESULTS
New high-throughput assay for volatile fatty acid tolerance.
We developed and validated a new apparatus for measuring adult tolerance to OA and other volatile fatty acids. Adult foraging is important in host preference for some phytophagous insect species, such as the grass miner Chromatomyia nigra (SCHEIRS et al. 2005) , the chrysomelid Altica carduorum (SCHEIRS et al. 2005) , and Liriomyza trifolii (SCHEIRS et al. 2005) . These species prefer to oviposit and feed on host plants best suited for adult performance. As SCHEIRS et al. (2005) The High 10 and Low 10 gold standard lines were used to initially validate our new "vapor" assay. We found a significant, and repeatable, difference in tolerance when
High 10 males and females were compared to their respective sexes for Low 10 and D.
simulans, but not between the latter two lines for each sex (P-values in Table 1 ; KD50s plotted in Figure 4A ; Figure S1 ). D. simulans was used as the low tolerance control, while D. sechellia was not knocked down after three consecutive hours of exposure. We used Welch's t-test because the variances for the High and Low 10 male and the High and Low 10 female comparisons were not equal (Bartlett Test P-values = 0.0079 and 0.0034, respectively).
Our data show that knockdown is highly reproducible at a given flow rate, with higher flow rates resulting in more rapid knockdown ( Figure S2 ). Fly density had no effect (see Supplemental methods). The assay could reliably and repeatedly classify 36
"unknown" lines for resistance (Figure 4B/C; Supplemental methods). These lines were also used to test if the visible genetic markers affected tolerance. While the visible marker ebony affected tolerance, this effect was generally weak and background specific (e.g. the same marker did not always have the same effect across lines; Supplemental methods) and did not correlate with the number of markers in the genetic background.
High 10/Low 10 "gold standard" lines show differential tolerance by sex
In all lines tested for male/female differences (High 10, Low 10, and D. simulans; Figure S3 (means in Table S1 ).
The difference in tolerance by sex could be due to a different mechanism for tolerance in females than in males. JONES (1998) found the effects to be of different magnitudes between the sexes for every region he studied, along with an epistatic interaction between all three major chromosomes and one between markers y and f on the X chromosome in females, but not males. However, he did find effects for females in every region in which he found effects for males and explained the epistasis involving the X chromosome as possibly due to the X being hemizygous. Our results showed a significantly higher tolerance in females than males, but both sexes in highly tolerant lines exhibited significantly higher tolerances than their respective low tolerance counterparts. As the difference between the low and high tolerance lines was much larger than that between the sexes, it seems for this particular locus that the mechanism involved in OA tolerance is the same for both sexes. Instead it is likely that females were more tolerant due to their larger size, although we cannot specifically rule out that females have a differences in their tolerance mechanism compared to males.
Fine mapping of tolerance using recombinant line screening with CAPS markers
After validated the tolerance assay with the High/Low 10 and 36 "unknown" sechellia backgrounds and all were qualitatively similar (AMLOU et al. 1998b; JONES 1998; JONES 2001 Lines that were tolerant to pure OA were generally also tolerant to Morinda fruit.
In a mixed sex analysis comparing individual lines to their D. simulans background (Wilcoxon rank sum test), lines High 8, High 10, and 197-6 were all significantly more tolerant than D. simulans, whereas Low 10 and 335-6 were not (Table 2) . However, this difference appears to be driven by higher tolerance in females compared to males across all lines (P < 0.001, Wilcoxon, Figure 5 , Table 2 ). This was particularly pronounced in the high tolerance lines. High 8 males were knocked down at 30 ± 0 minutes, while the females had a mean of 50 ± 4.71 minutes. 197-6 males were down by 34 ± 1.89 minutes, while the females went down at 45.71 ± 3.42 minutes. High 10 males were down by 37.5 ± 2.7 minutes and females by 54.5 ± 5.1. This pattern was also seen in one of the low tolerance lines, Low 10, where males averaged 30.53 ± 0.53 and females averaged 36 ± 4.00 minutes. 335-6 was the exception, with the males going down at 30.83 ± 0.58 and the females similarly at 30.69 ± 0.48 minutes. Of the highly tolerant recombinant lines, only 197-6 and High 10 had males stay upright beyond the initial 30-minute check. Thus, the mixed sex results were mostly driven by the female tolerance.
Final tolerance region includes 18 genes, including Obp and Osiris families
A list of the 18 genes found in the ~170Kb tolerance region on 3R is in Table S3 . Tables S4 and S5 (also see Supplemental methods). There is not a strong signature of positive selection at any of these loci. Only 7 of the 17 genes in D. simulans had non-synonymous changes (41%), while 13 had such changes in D. sechellia (76%).
Earlier work contrasted levels of transcription of these genes across species, tissues, and treatments (KOPP et al. 2008; DWORKIN and JONES 2009 Figure 6A ; pairwise t-test and GLM, P > 0.05). The exceptions, High 8 (both males and females; P = 0.017) and Low 10 (males only, P = 0.011), behaved in the opposite of expectation-lower tolerance resulted in less aversion. Similarly, the trend was for flies with higher tolerance to avoid the OA medium ( Figure 6B ), although this trend was not significant (P = 0.3506). To improve power, we pooled high and low tolerance lines and compared preference behavior between the two groups (replicates: 55 high, 26 low; 4993 flies). There was no effect for either sex and the trend was in the opposite of expectation (mean RI High = -1.49; mean RI low = -1.21; main effect, P = 0.148, sex P = 0.157; interaction P = 0.207). Similarly, there was no difference between the pooled high or low lines and the D. simulans control (High: P = 0.408; Low: P = 0.121). We confirmed for a subset of lines that this pattern was consistent for tolerance to M. citrifolia fruit ( Figure 6C ). These data suggest that the increased tolerance conferred by the introgressed D. sechellia region is not sufficient to change behavior and excludes the possibility of an additive or dominant acting preference locus in this interval.
We assayed a subset of lines for a recessive preference factor linked to the (Figure 7 ).
DISCUSSION
Many insects feed on only one or a few types of host. Genetic linkage between alleles contributing to host preference and alleles contributing to host usage, such as tolerance of secondary compounds, has been suggested to facilitate the evolution of new host specializations. We used a forward genetic approach and a novel assay to see if this type of genetic correlation contributed to the evolution of the host specialization in D.
sechellia. We isolated a ~170Kb region on 3R harboring 18 genes that contains at least one locus affecting OA tolerance, a critical element of D. sechellia's adaptation to the toxic fruit of its host plant, M. citrifolia. While the D. sechellia introgression conferred OA tolerance in a D. simulans background, it had little to no effect on host-seeking behavior.
M. citrifolia assay validates OA apparatus and methodology
To screen the thousands of flies needed for introgression mapping of tolerance loci, we developed a new assay for volatile fatty acid resistance that mimics the toxic effects of the fruit. Our analysis revealed that exposure to M. citrifolia fruit is quantitatively similar to the OA assay results, in terms of consistency in the lines that exhibited highly and lowly tolerant behavior. However, the mixed sex results for lines exhibiting high tolerance to M. citrifolia were driven by tolerance of the females (i.e. the males showed lower tolerance levels). Unfortunately, we do not know the concentration of OA in either the actual vapor of the OA assay or in the fruit itself (there is considerable variation among fruits and across ripening stages; LEGAL et al. 1992; PINO et al. 2010) .
Also, it is likely the fruit has a higher concentration of OA than the maximum our pump can produce. The consistently high tolerance of the females in both experimental setups suggests that the same tolerance mechanism is being assayed in both. Some of the variability among the sexes may reflect the larger size of the females. Experimentally, the high variability among lines in the M. citrifolia assay suggests that using the OA vapor methodology may be sensitive enough to detect moderate to weak effect loci undetectable using fruit.
Tolerance region harbors several candidate loci
Of the 18 genes in this region, two gene families represented two-thirds of the total and only three remain unnamed. A cluster of nine Osiris genes was present, along with three Obps. None of these 18 genes, however, showed a strong signature of positive selection that may be expected for a gene contributing to D. sechellia adaptation to its host. Likewise, gene expression data did not strongly implicate any one locus (but see
Obp83cd below).
Osiris genes According to DORER et al. (2003) , the Osiris gene family is clustered at the Triplo-lethal locus in D. melanogaster. All have endoplasmic reticulum signal peptides, may be integral to the plasma membrane, may have important housekeeping functions and are highly dosage-sensitive. In addition, their linkage and sequences are unusually highly conserved, as seen in Anopheles gambiae (DORER et al. 2003) . While none of these genes can be ruled out, it seems unlikely that their functionality can be appreciably altered without dire consequences to the individual.
Odorant-binding proteins
Obp83cd, Obp83ef, and Obp83g are members of a family of odorant binding proteins involved in olfactory perception, although their function is not fully understood (VIEIRA et al. 2007) . OBPs are water-soluble and exist in the aqueous lymph surrounding odorant receptors in the chemosensory sensilla of insects. They enhance the solubility of hydrophobic odorants by binding to them and transporting them through the extracellular lymph to the dendritic membrane of neurons (WHITEMAN and PIERCE 2008) . Obps are typically found in olfactory tissues, but expression analysis shows that they are not limited to them (PELOSI et al. 2006) . Besides transporting odorants, it has been suggested that Obps may also act as scavengers, removing toxic odorant molecules to prevent damage to cells (STEINBRECHT 1998; BLOMQUIST and VOGT 2003) . 
No evidence for genetic linkage between preference and tolerance loci in this region
A positive genetic correlation between the preference and performance alleles due to pleiotropy or genetic linkage can facilitate the evolution of a new host specialization.
This 18-gene region spans only ~170,000 bp and has an estimated recombination rate of 0.28 cM. These genes are therefore tightly linked. However, we find no evidence that harboring the D. sechellia tolerance alleles in this region causes the flies to behave in a more D. sechellia-like manner. Indeed the "High 8" line, which spans a much larger interval (up to 23.3 cM on chromosome 3, although the actual boundaries have not been mapped), does not appear to be significantly different from the controls and is marginally more aversive than some low tolerance lines. Previous work noted that D. sechellia preference for OA was recessive to D. simulans aversion (HIGA and FUYAMA 1993; AMLOU et al. 1998a ). We tested for recessive effect loci on high and low tolerance lines by selfing F 1 hybrids to segregate F 2 progeny with pooled homozygous and heterozygous D. sechellia introgressions (removing any F 2 with recessive homozygous D. simulans markers -hence, no introgression). If recessive OA preference loci exist within these introgressions, then F 2 flies should exhibit increased preference relative to F 1 flies. We did not see this pattern ( Figure 7 ).
The limited genetic resolution of the earlier studies that suggested linkage between preference and tolerance potentially biased these studies towards overlap between QTLs for preference and performance. Our data suggest that if these studies had higher resolution-and thus smaller confidence intervals-the apparent linkage between preference and performance may be reduced.
In the current study we have a different concern: we are only looking at a single locus and the critical early association between behavior and tolerance could have evolved elsewhere in the genome. Recent work, however, has identified strong preference factors on chromosome 2, which has the weakest effect on tolerance (JONES 1998; MATSUO et al. 2007; DWORKIN AND JONES 2009) . Similarly, the X chromosome, which has at least two tolerance factors, has no effect on preference behavior (JONES 1998; JONES 2001; JONES 2004; EARLEY AND JONES 2011) . Furthermore, the tolerance region on 3R was previously shown to be one of the two largest contributors to resistance (the other locus is flanking; JONES 1998). Preferring the toxic host without tolerance alleles in this region of 3R would be deleterious. Together these data suggest that linkage between preference and tolerance factors did not play a major role in the evolution of D.
sechellia's specialization. Loss-of-function mutations are usually recessive, as they often result in the elimination or reduction of protein expression or of non-functional protein structures.
However, JONES (1998) concluded that at least five loci involved in D. sechellia tolerance were dominant. Similarly, pesticide resistance factors are usually dominant or codominant (OTTEA and PLAPP 1984; ROUSH and MCKENZIE 1987; HOUPT et al. 1988; FFRENCHCONSTANT et al. 1993; . This asymmetry in dominance may reflect the different genetic mechanisms through which these two traits evolved. Loss of avoidance can be achieved by the loss or reduction of a sensory response, such as through pseudogenization of Obps. In fact, MCBRIDE (2007) Table S2 . 
